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SYMBOLS AND ABBREVIATIONS

I ionic strength

Tp denaturation temperature of solubilized collagen
Ts shrinkage temperature '
A difference

[alx specific rotation at wavelength A

Aes Ao constants in Drude and Moffitt-Yang equations
TC tropocollagen

NSC neutral salt-soluble collagen

AC acid-soluble or acid citrate buffer-soluble collagen
IC insoluble collagen

SLS segment-long-spacing form of reconstituted collagen

CM-cellulose carboxymethylcellulose



INTRODUCTION

Mutation and natural selection are the two fundamental processes in
evolution which occur at organ as well as molecular levels in living orga-
nisms. The genetic information which determines all the properties of an
organism can be found in the nucleotide base sequence of its DNA which
is reflected in the amino acid sequences of proteins,

Collagen is the principal protein of connective tissue. Fibroblasts syn-
thesize the monomeric collagen unit tropocollagen and secrete it into the
extracellular space where the tropocollagen molecules associate to form
collagen fibrils according to a certain pattern.

The formation of connective tissue has been necessary for the develop-
ment of specialized tissues and organs. Collagen is found in all animal
phyla except arthropods and certain classes of coelenterata. The amount
of collagen varies greatly from one species to another. In mammals collagen
is the most abundant protein as it comprises about one-third of the body
protein. Certain invertebrates such as horny sponges and the sea cucumber
contain even higher proportions of collagen.

The purpose of the present study was to obtain information about the
phylogeny of collagen and to define the essential features of collagen
structure. Collagen was prepared from 12 vertebrate species chosen to
represent the phylogenetic tree. These collagens were investigated by a
variety of methods to obtain knowledge of the primary, secondary, tertiary
and quaternary levels of collagen structure. In the interpretation of
data in terms of phylogeny, care must be exercised and the following words
of Florkin (1965) should be remembered: ”In the present situation, we
must adopt the methodical rule to be led by the knowledge of phylogeny
in our search for biochemical evolution, rather than to be led by bio-
chemistry into the discovery of new aspects of phylogeny. The Ariadne’s
thread of comparative biochemistry can only be the knowledge of phylog-
eny, in which is integrated the treasure of knowledge accumulated by
generations of naturalists familiarized with living organisms.”



LITERATURE REVIEW

OUTLINES OF MOLECULAR EVOLUTION

A change in a gene leading to mutation can manifest itself in several ways in DNA.
Single base replacement alters the correspondihé amino acid in the polypeptide chain
except when the codon is degenerate. Terminal additions and deletions of amino acids,
e.g., in cytochrome ¢ chains, have been described (Margoliash and Smith 1965). During
the evolutionary development of haemoglobin, deletions are believed to have occurred
because ”sequence gaps” have been found in haemoglobin chains (Dixon 1966). Ingram
(1961) put forward the hypothesis that the formation of new polypeptide chains in
globin was a result of a complete gene duplication, which duplication may also be
partial as in haptoglobin Hp2s (Dixon 1966).

As a consequence of mutation the function, which is a property of the three-
dimensional structure, may remain unchanged or change over a very wide range, and
even cease entirely (Margoliash 1963).

Many methods have been used in the analysis of proteins for phylogenetic purposes.
The determination of the complete amino acid sequence would yield the most compre-
hensive information but at the moment the primary structures of only 10—15 proteins
are known. Chromatography or ”finger printing” of peptide fragments was used by
Ingram (1958) to locate differences in various haemoglobins. Immunochemical analyses
were performed by Manski, Halbert and Auerbach (1964) in their studies of the
phylogeny of lens protein. h

When the results of protein analyses are discussed in relation to taxonomic aspects,
one must take into account the fact that only one gene has been investigated.
Difficulties may also arise from the lack of homology of proteins (Florkin 1966) or
from the dependence of functional similarity on convergent evolution (Mayr 1964,
Z}mkerkandl and Pauling 1965). Some erroneous conclusions may also be related to
the translation of DNA to the amino acid sequence and vice versa that are due to
degeneracy in the genetic code and to the non-expressed areas in the DNA sequence
(Dixon 1966).

STRUCTURE OF COLLAGEN

A number of review articles (Grassmann 1960, Harkness 1961, Harrington and von
Hippel 1961, Gross 1963, Harding 1964, Grassmann ef al. 1965, Harding 1965, Zonta
and Campani 1965), books (Gustavson 1956, Veis 1964, Reich 1966, review monographs
edited by Hall 1963, 1964, 1965) and symposia (Stainsby 1958, Page 1959, Edds 1961,
Jackson et al. 1965, Comte 1966) contain in summarized form the information on
collagen and connective tissue published in the last ten years.



The tropocollagen macromolecule is the basic structural unit of collagen. In the
native form it is a rigid rod-shaped particle 2800 A long and 14 A in diameter and
has a molecular weight of about 300,000 as revealed by physico-chemical and electron
microscopie studies of soluble collagens.

The molecule is composed of three polypeptide chains each forming a left-handed
helix. The chains are further coiled into a three-stranded ropelike superhelix (triple
helix). These configurations are maintained mainly by hydrogen bonds. Along the
axis of the tropocollagen molecule there are sections of crystalline structure composed
of nonpolar amino acids. These sections are separated by amorphous structures composed
mostly of polar amino acids.

The arrangement of the chains in the tropocollagen molecule enables the formation
of two kinds of collagen structure (Rich and Crick 1961). The triple helical structure
presupposes that in each chain glycine is in the position nearest the axis and the
pyrrolidine rings point outwards from the molecule. In collagen I the hydroxyl group
of hydroxyproline is directed towards the axis whereas it points away from the axis in
collagen II.

Amino acid composition

Very few analyses of amino acid compositions of collagens of different vertebrates
were performed in the first half of this century. Usually one or two amino acids were
determined in different gelatins. The samples were often impure and were pretreated
with enzymes or alkalies that are known to modify collagen. Eastoe and Leach (1958)
presented amino acid compositions of 16 different species in which they express the
results in residues per 1000 residues. The effect of non-protein impurities was thus
eliminated and a comparison of various proteins was possible. Reviews on amino acid
compositions of collagens have been presented later by Piez and Likins (1960), Gross
(1963) and Borasky (1965).

Table I presents previously reported data on amino acids of collagens of vertebrate
skins. Only data obtained by ion exchange chromatography are included. They reveal,
e.g., that the amount of hydroxyproline and proline increases whereas that of
methionine decreases in the course of evolution. The hydroxyl group content has
remained constant owing to a decrease in the number of serine and threonine residues
as established already by Beveridge and Lucas (1944) by rather inaccurate colour
reactions.

In order to find out what is essential to collagen structure, the variation in
amino acid composition was calculated (Table II). In accordance with presented
models of collagen, glycine accounts for one third of the residues. The contents of
acidic, basic and hydroxy amino acids are separately constant despite the great
variation in the proportions of individual amino acids within these groups (see Dis-
cussion).



Table I.
Amino acid compositions of various vertebrate collagens and gelatins.

The values are numbers of amino acid residues per 1000 residues as determined by
) ion exchange chromatography.

g K ] I~ = 3
= 5 & B & & £
Hydroxyprolines (3- & 4-) | 93 90 93 89 93 102 93
Aspartic acid 46 46 46 46 45 50 49
Threonine 18 17 18 24 20 22 20
Serine 36 35 35 41 43 39 39
Glutamic acid 72 76 72 70 71 71 73
Proline 127 127 131 128 121 127 119
Glycine 327 330 328 326 331 311 320
Alanine 110 112 111 110 106 105 113
Half cystine (and
cysteic acid) <0.5 <0.5 <0.5 <0.5 — <0.5 <0.5
Valine 25 21 24 21 24 24 23
Methionine (and
sulphoxides) 6 5 5 5 8 7 7
Isoleucine 10 12 10 11 10 13 9
Leucine 25 25 24 25 24 25 26
Tyrosine 4 4 3 3 3 3 4
Phenylalanine 13 13 14 13 2 14 16
Hydroxylysines 8 6 7 6 7 5 8
Ornithine — <0.5 — — —_ —_ —_
Lysine 25 26 26 26 27 29 25
Histidine 5 5 5 6 5 6 5
Arginine 50 50 48 50 50 47 51
Acidic amino acids 118 122 118 116 116 121 122
Basic amino acids 88 87 86 88 89 87 89
Amide N 41 43 38 26 41 40 44
Imino acids - 220 217 221 217 214 229 212
Hydroxy amino acids 159 152 156 163 166 171 164
Nonpolar amino acids 643 645 647 639 636 626 631

For the occurrence of ornithine among the amino acids of collagen, the reader is
referred to the articles of Hamilton and Anderson (1954), Hirs, Stein and Moore
(1954) and Murray et al. (1965). :

The numbers are average values for several specimens of collagen as follows: two
human beings (Bornstein and Piez 1964, Eastoe 1955), eleven cows (Cooper and David-
son 1965, Eastoe 1955, Grassmann, Hannig and Schleyer 1960, Grassmann, Nordwig and
Hormann 1961, Hafter and Hormann 1963, Rubin ef al, 1965, Schlueter and Veis 1964,
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99 102 93 78 75 55 78 70 82 66
48 48 46 55 46 51 47 54 48 43
19 18 22 26 25 23 27 25 29 24
29 43 42 66 43 69 40 41 50 55
74 62 73 78 77 74 71 81 71 68
129 119 128 110 127 97 118 129 102 106
331 316 324 301 319 343 325 328 337 337
115 125 114 98 127 110 122 114 119 112
— <0.5 <0.5 <05 | <05 — — — <0.5 <0.5
20 20 15 22 20 19 18 18 18 25
6 6 6 9 4 18 14 12 9 15
11 12 11 14 11 10 11 9 11 17
24 26 20 29 23 21 22 20 18 25
3 2 3 6 1 4 3 2 2 2
14 14 18 19 15 11 14 14 14 13
10 4 5 4 6 7 7 8 11 6
19 28 25 29 24 27 26 22 22 25
4 5 5 7 5 9 5 8 5 10
45 50 50 49 52 52 52 45 52 51
122 110 119 133 123 125 118 135 119 111
78 87 85 89 87 95 89 83 90 92
44 22 26 52 45 . 46 34 42 41 34
228 221 221 188 202 152 196 199 184 172
160 169 165 180 150 158 154 146 174 153
650 638 636 602 646 629 645 644 628 650

Veis and Schlueter 1964, Veis and Anesey 1965), two pigs (Bastoe 1955, Eastoe 1961),
one whale (Eastoe 1955), two rats (Schlueter and Veis 1964) » four rabbits (Jackson,
Leach and Jacobs 1958), one wallaby (Eastoe 1955), one chicken (Leach 1957), one
python (Leach 1957), one crocodile (Leach 1957), one toad (Leach 1957), two lung-
fishes (Eastoe 1957), two cods ‘(Piez 1964, Piez 1965), two carps (Piez and Gross
1960, Piez, Eigner and Lewis 1963), one pike (Piez and Gross 1960), one sturgeon
(Eastoe 1957), and three sharks (Eastoe 1957, Lewis and Piez 1964, Piez et al. 1963).



Table II.
Variation in the amino acid contents of various vertebrate collagens and gelatins.

The values are based on the data in Table I.

Range A Mean A/Mean
Hydroxyprolines (3- & 4-) 556—102 47 78.5 0.60
Aspartic acid 43— 55 12 49 0.24
Threonine 17— 29 12 23 0.52
Serine 29— 69 40 49 0.82
Glutamic acid 62— 81 19 71.5 0.27
Proline 97—131 34 114 0.30
Glycine 301—343 42 322 0.13
Alanine 98—127 29 112.5 0.26
Half cystine (and cysteic acid) <0.5 — — —
Valine 15— 25 10 20 0.50
Methionine (and sulphoxides) 4— 18 14 11 1.27
Isoleucine 9— 17 8 13 0.62
Leucine 18— 29 11 23.5 0.47
Tyrosine 1i— 6 5 3.5 1.43
Phenylalanine 11— 19 8 15 0.53
Hydroxylysines 4— 11 7 7.5 0.93
Ornithine <0.5 — — —
Lysine 19— 29 10 24 0.42
Histidine 4— 10 6 7 0.86
Arginine 45— 52 7 48.5 0.14
Acidic amino acids 110—135 25 122.5 0.20
Basie amino acids 78— 95 17 86.5 0.20
Amide-N 22— 52 30 37 0.81
Imino acids 152—229 77 190.5 0.40
Hydroxy amino acids 146—180 34 163 0.21
Nonpolar amino acids 602—650 48 626 0.08

Optical properties

The total optical rotatory power of a native protein molecule depends on the
amino acid composition and on the helix content of the protein. Collagen has a unique
amino acid composition involving high contents of glycine and especially imino acids
which makes the “triple helical structure possible (Szent-Gyorgyi and Cohen 1957).
This structure in turn is responsible for the exceptionally great levorotation of native
collagen. The rotatory properties are determined by the left-handed helical charae-



. Table I11.
Optical properties of vertebrate tropocollagen solutions.

Solvent '——[a]go —[a]snso —[a]® —[a]” | A} Ae | References
Mammals
Man 0.15M acetate, pH 4.8 428 142 2540*  831* 1
0.15M citrate, pH 3.7| 415 2
Cow 0.15M citrate, pH 3.7 415 135 3
» 400 4
s 1000*** 360%** 5— 6
9 1305** 468** 7
3 1330**  460** 8
0.1M citrate, pH 3.5| 440 140 9
0.15M acetic acid 415 10
0.05 % acetic acid 1330**  460** | 195 11—12
Rat water 289 118 217 217 13
citrate, pH 3.7, I 0.075] 409 135 14
» 416 133 15
» 340 131 16
Birds
Chick 0.5 % acetic acid 400 17
Bony fishes
Perch citrate, pH 3.7, T 0.075| 400 128 14
” ] 392 120 15
Cod » 397 116 14
2 380 119 15
0.15M citrate, pH 3.0 118 _ 18
0.1IM citrate, pH 3.6] 349 107 19
0.IM lactate, pH 3.6 403 19
0.1M  tartrate, pH 3.6| 389 19
0.1M citrate, pH 3.4| 373 113 20
Eel citrate, pH 3.7, I 0.075| 398 126 - 14
Carp 0.15M citrate, pH 3.7 205+15 21
citrate, pH 3.7, I 0.05| 330 204 13
0.1IM acetic acid-
0.IM KCl, pH 2.8 1350%*  460** 22
Herring | citrate, pH 3.7, I 0.075| 408 125 - 14
Cartilaginous
fishes
Dogfish | 0.15M citrate, pH 3.5| 345 122 23
»” 398 124 212 24

*313 nm; **365 or 367 nm; ***405 nm .

1 Bornstein and Piez (1964) ; 2 Bakerman (1961a) ; 8 Doty and Nishihara (1958) ;
4 Rice et al. (1964); 5 Kiihn (1963) ; 6 Kiihn, Fietzek and Kiihn (1966) ; 7 Rubin et al.
(1965) ; & Drake et al. (1966) ; 9 Steven and Tristram ( 1962) ; 10 Cooper and Davidson
(1965) ; 11 Altgelt, Hodge and Schmitt (1961); 12 Fujimori (1966) ; 13 Harrington
(1958) ; 14 Burge and Hynes (1959a); 15 Burge and Hynes (1959b) ; 16 Flory and
Weawer (1960); 17 Levene and Gross (1959); 18 Astrup, Marko and Young (1958) ;
19 Young and Lorimer (1960); 20 Young and Lorimer ( 1961); 21 Cohen (1955);
22 Veis and Drake (1963); 23 Lewis and Piez (1961) ; 24 Lewis and Piez (1964).




teristics of the individual strands rather than by the right-handed superhelix formed
by the three polypeptide strands (Urnes and Doty 1961). When the organized structure
of native collagen is destroyed, e.g., by heating, the negative rotation diminishes to a
value characteristic of its amino acid composition.

Measurements of optical rotation at different wavelengths, the optical rotatory
dispersion, have revealed that the dispersion by both native and denatured collagen is
of a simple type and can be represented by a one-term Drude equation over the region
400—700 nm (Harrington et al. 1961, von Hippel and Wong 1963 b).

Table III presents values of specific rotation and optical dispersion for solutions
of collagens from different species. The origin of the collagen does not seem to affect
the optical properties. )

Components

Denaturation of tropocollagen solutions by heat or competitors for hydrogen bonds
(urea, rhodanide) destroys the organized structure. Mathews, Kulonen and Dorfman
(1954) demonstrated first the separation of collagen into two components on heating
its solution and ascribed the results to a reversible dissociation of procollagen mono-
mers. These two components have been later named a and B. The g-component has
twice the molecular weight of the a-component and represents a combination of two
a-components. Ultracentrifugation of acid-soluble collagens yielded a component named
y which sedimented more rapidly than the g-component (Grassmann, Hannig and
Engel 1961, Altgelt et al. 1961). Veis, Anesey and Cohen (1960) extracted a still
heavier component which they named § from bull hide corium with hot water. Molecular
weight determinations revealed that the y-component is tropocollagen, that is, a com-
bination of three a-chains, while the §-component is composed of four cross-linked
y-components (Veis, Anesey and Cohen 1962).

Piez et al. (1961) first demonstrated that purified tropocollagen from rat skin
contains two types of a-chains named ol and o2 and that it has the composition
al-al-a2. The existence of a third chain type in cod skin collagen was later proved by
Piez (1964, 1965) and he named the new chain «3. The existence of two different
« 1-chains in guinea pig collagen was proposed by Kulonen et al. (1965). The noniden-
tity of the three a-chains in rat skin and chick bone collagens has also been reported
(Heidrich and Wynston 1965, Francois and Glimcher 1966).

Assuming three different a-chains there should exist three types of g-components
of intramolecular origin, namely B,, B and B Up to the present only two such
B-components (named B, and ) have been identified, probably because of the very
close chemical similarity of the a1- and a3-chains. Extraction of mammalian skin with
5 M guanidine solution has yielded a new type of component, 8, which is believed to
be of intermolecular origin (Bornstein, Martin and Piez 1964).

A successful separation of collagen components of equal molecular weight can at
present be effected only by chromatography on earboxymethylcellulose columns (Kess-
‘ler, Rosen and Levenson 1960, Piez et al. 1961, Schleyer 1962) or by gel electrophoresis
(Nints, Maatela and Kulonen 1963, Reich 1964, Ninto, Pikkarainen and Kulonen 1965).

Collagen structure in various vertebrates

Histology. Microscopical studies have revealed that the collagen fibres in the
skins of aquatic animals are arranged side by side in laminae whereas land-living



vertebrates have a much more randomly organized pattern of collagen bundles (Gross
1963).

Molecular dimensions. Investigations of molecular weights and molecular dimen-
sions of native tropocollagen with the aid of sedimentation analysis, light scattering
measurements, viscometry and electron microscopy have not revealed any differences
in the fropocollagens of calf (Doty et al. 1958, Engel and Beier 1963), cod (Young
and Lorimer 1961), carp (Hall and Doty 1958) and spiny dogfish (Lewis et al. 1964).

The molecular weights of the @, B- and y-components do not differ from each
other in man (Bornstein and Piez 1964), calf (Doty et al. 1958, Piez, Weiss and Lewis
1960, Grassmann et al. 1961a, Engel ¢t al. 1963), rat (Orekhovitch and Shpikiter 1958a),
cod (Piez 1965), carp (Boedtker and Doty 1956) or spiny dogfish (Lewis et al. 1964).

Components. Determinations of the molar ratios of the a- and B-components in
soluble collagens have shown that there are mainly a-chains in collagens soluble in
neutral salt solution, whereas the ratios of a- and B-components in collagens soluble
in acid buffer solution are equal. This is in agreement with the recent view that the
neutral salt-soluble collagen represents a recently synthesized collagen and that the
number of ecross-links in collagen increases with age as found, e.g., by starch gel
electrophoresis (Heikkinen and Kulonen 1964). Bakerman (1964), however, was not
able to demonstrate any differences in the ratio of o~ and [B-components in soluble skin
collagens from human beings of different ages.

Since the discovery of the dissimilarity of the a-chains, CM-cellulose chromatog-
raphy or/and gel electrophoresis have been used to study the compositions of collagen
chains in the following vertebrates: man (Bornstein and Piez 1964), cow (Schleyer
1962, Heidrich et al. 1965, Veis and Anesey 1965), rat (Piez et al. 1961, Néanto et al.
1963), lathyritic chick (Tanzer, Monroe and Gross 1966), cod (Piez 1965), carp (Piez
et al. 1963) and spiny dogfish (Piez et al. 1963, Lewis et al. 1964).

The existence of a-, 8- and Yy-ecomponents has been confirmed in all these species.
In determinations of the approximate component distributions in acid-soluble collagens
of rat skin and carp ichthyocol, Piez ¢t al. (1963) found that the ratio of al to a2
varies from 2.0 to 2.3 whereas the acid-soluble collagen of young spiny dogfish skin
contains about ten times more a1 than «2. The behaviour of dogfish collagen on CM-
cellulose column chromatography was also quite different and a high concentration of
salt was required to elute the components from the column. The molecular structure
(al),a2 is generally accepted for ‘tropocollagen regardless of species. Cooper and
Davidson (1965), however, have proposed the structure al(a2), for the collagen of
premature calves, whereas the structure of collagen in a full-term calf is (al),a2.

Preliminary reports on the dissimilarity of the component compositions of guinea
pig, pike, rayfish, hagfish and lamprey collagens have been published (Pikkarainen
and Kulonen 1964, 1965, 1967, Pikkarainen, Rantanen and Kulonen 1966).

Stability of collagen structure

Stability of the heliz. Investigations on the stability of the secondary structure of
the native collagen molecule which is maintained mainly by hydrogen bonds usually deal
with processes associated with the collagen-gelatin transitions. ‘

The collagen-gelatin transition is a melting process in which collagen changes into

* a disorganized random coil (Flory and Garrett 1958). This transition may be detected
at various levels of structural organization, e.g., by measuring the thermal shrinkage



Tabdble IV.
Denaturation temperatures of vertebrate collagens in the solid (TI'g)
and dissolved (Tp) states.
The Tg values are thermal shrinkage temperatures determined for skins in water or
physiological saline. The T, values were determined either by viscosimetry or polari-
metry and refer to acid-buffered tropocollagen solutions.

Ts Tp References
Mammals
Man 60—67 36—39 1—6
Ruminants 59—170 34—39 3,7—18
Pig 3 — ' 19
Horse 62—64 — 9
Dugong 69 -— 20
Badger 58—60 —_ 9
Fin whale 62—64 — 9
Rat 59 37—38 3, 21—22
Rabbit 60—62 — 9
Reptiles
Crocodile 59* — 19
Python 57—59* — 19
Lizard 60—62 — 9
Amphibians
Toad 54* — 19
Bony fishes :
Lungfish 63* — 23 .
Flatfish 38—43 — 9
Perch 48—57 30—31 2—3,9,21,24
Cod 37—45 12—17 (29) 3, 7—9, 11—12, 21, 25—27 (13)
Eel 55—57 26 9,21
Carp 49—58  29—32 3,9,13,15,28
Pike 45—57 27 3,9,19,12
Herring -~ —_ 18 21
° Sturgeon** 50% — 23
Cartilaginous
fishes
Shark 53% 29 23, 25
Dogfish 35—41 16 3,29—31

*In toluene. **Swim bladder.
1 Hall and Reed (1957); 2 Rigby (1962) ; 3 Rigby (1967) ; £ Bakerman (1961a) ;
5 Bakerman (1961b); 6 Bornstein and Piez (1964); 7 Gustavson (1942); 8 Gustavson



which is a macroscopic manifestation of collagen transformation or by the determination
of the denaturation temperature of dissolved collagen.

A comparison of the thermal stabilities of vertebrate collagens is presented in
Table IV. The values are relatively constant (shrinkage temperature in the range of
60°—70° and denaturation temperature 36°—39°) except for fish collagens.

Gustavson (1954b, 1955) studied thermal shrinkage very carefully, especially
that of skins of various fishes. He suggested that the hydrothermal stability depends
on the interchain hydrogen bonding of hydroxyl groups of hydroxyproline. Burge and
Hynes (1959b) proposed a fundamental relationship between the stability and the total
imino acid content rather than the hydroxyproline content. This was confirmed by Piez
and Gross (1960), Maser and Rice (1962, 1963b) and Josse and Harrington (1964).
According to Harrington (1964), the pyrrolidine residues stabilize the triple helical
structure by decreasing the total configurational entropy change in the helix-coil
transition. In addition to the stabilizing effect of hydrogen bonds between amide and
carbonyl groups of adjacent strands, water molecule chains may be of importance as
they may form interchain hydrogen bonds (Berendsen and Migchelsen 1966). The
effects of van der Waals forces as well as of cross-links between the individual strands
seem to be unimportant for stability (Harrington and McBride 1966).

Soludility of collagen. The solubility of collagen can also be considered a measure of
stability depending on the quaternary structure (cross-linking) of the collagen. The
tropocollagen molecules are in fibrous form in the tissue. The fibres are bound by
intermolecular cross-links which are responsible for the relative insolubility of collagen
in aqueous and organic solvents (Hormann 1962, Harding 1965). Collagen can, however,
be separated into various artificial fractions by employing different solvents.

The solubility of collagen in dilute acids has been known almost a century. More
attention was paid to soluble collagens after Russian workers showed that a part of
skin collagen dissolves in an acid buffer solution. The results of these studies on this
?procollagen” from several sources have been summarized by Orekhovitch and Shpikiter
(1958Db).

A portion of this ”procollagen” was extracted from the tissues also by alkaline
phosphate and neutral salt solutions. The neutral salt-soluble collagen is the precursor of
mature collagen. The biological significance of acid-soluble procollagen” is as yet
unknown. It has been considered not only a precursor of collagen but also a degrada-
tion product. (In the present study the acid-soluble or acid citrate buffer-soluble col-
lagen refers to collagen extracted from the skin after the removal of the neutral salt-
soluble collagen.)

In comparisons of soluble and insoluble collagens, very minute, perhaps insignifi-
cant, differences have been found, e.g., in amino acid composition (Polatnick, La Tessa
and Katzin 1957, Jackson et al. 1958, Orekhovitch et al. 1960), molecular weight and
molecular dimensions (Hannig and Engel 1961, Kawai et al. 1966).

(1950) ; 9 Gustavson (1953); 10 Gustavson (1954a); 11 Ward (1958); 12 Esipova
(1957) ; 13 Doty and Nishihara (1958); 14 Crosby and Stainsby (1962); 15 v. Hippel
and Wong (1963a); 16 v. Hippel and Wong (1963b); 17 Gross and Nagai (1965) ;
18 Fujimori (1966); 19 Leach (1957); 20 Joseph et al. (1964); 21 Burge and Hynes
(1959a) ; 22 Piez and Carrillo (1964); 23 Eastoe (1957); 24 Burge and Hynes
(1959b) ; 25 Gustavson (1955); 26 Young and Lorimer (1960); 27 Young and Lorimer
(1961) ; 28 Veis and Drake (1963); 29 Takahashi and Tanaka (1953); 30 Lewis and
Piez (1961); 31 Lewis and Piez (1964).



The high solubility of fish skin collagen on heating has been known for a long time
(Gustavson 1942). Table V presents data on the solubilities of skin collagens of full-
grown vertebrates. These show that the amount of native soluble collagen in mammalian
skin is remarkably low compared to its amount in fish skin,

Table V.
Contents and solubilities of native collagens of skins of full-grown vertebrates.
Percent collagen in Percent collagen soluble in
N References
. . . | neutral salt acid buffer
wet skin dry skin solutions solutions
Man 12—16 40—95 0.11—0.26* | 0.02*—3.2 1—6
Cow — 65—91 0.03 0.5—5 7—10
Guinea pig — 33—68 7—8 1 13—15
Rat 15—26 40—75 0.05**—7.6 0.88**—g,7 16—27
Mouse 1—7 43—58 0.2 2.3 27—29
Rabbit 15 37 2.15—4.3 5.33 15, 30
Cod — 74 — 62 31

* Soluble collagen as a percentage of the dry weight of the skin.
** Boluble collagen as a percentage of the wet weight of the skin,
1 Bakerman (1964); g Korting, Holzmann and Kiihn (1964) ; 8 Harris and
Sjoerdsma (1966) 5 4 Sobel et al. (1958) ; 5 Clausen (1962); ¢ Majewski, Leja and
Majewska (1964) ; 7 Grassmann (1960) ; 8 Veis, Anesey and Cohen (1960) ; 9 Crosby

12 Verzar (1960); 18 Gross (1958) ; 14 Orekhovitch and Shpikiter (1958b); 15 Sakata

et al. (1964a); 19 Kiihn et al, (1964b) ; 20 Nimni and Bavetta, (1964); 21 Verzar
(1964) ; 22 Mills and Bavetta (1966) ; 28 Kao, Hilker and McGavack (1960); 24
MecGavack and Kao (1960) ; 25 Murray, Watts and Ring (1961); 26 Cadavid, Denduchis
and Maneini ( 1963) ; 27 Dickerson and John (1964) ; 28 Hamer and Marchant (1957) ;
29 Harkness, Harkness and James (1958) ; 30 Nimni, DeGuia and Bavetta (1966) ;
31 Young and Lorimer (1960). )

The quantity of soluble collagen varies with the nutritional state of the animal
(Gross 1958b) and with the site from which the skin Piece is taken (Verzar 1964). The
amount of acid-soluble collagen depends greatly on the particle size of the disintegrated
tissue that is extracted. Riess (1964) and Kiintzel (1964) have demonstrated that up
to 95 % of bull hide collagen dissolves after intensive homogenization, ’

Insoluble collagen that remains after thorough extraction of soluble collagens may
be dissolved as gelatin. Pikkarainen et al. (1964) were able to demonstrate that the
starch gel electrophoretic pattern of insoluble collagen of guinea pig skin heated to 40°
reveals the existence of ¢- and B-components in addition to larger aggregates. High
molecular weight aggregates have also been found in extracts obtained on heating bull
hide corium in water at 60° (Veis et al. 1960).



THE PURPOSE OF THE PRESENT
INVESTIGATION

The purpose of the present investigation was to obtain knowledge of the

evolution of collagen. Comparative chemical investigations of skin collagens
of several vertebrates at different levels of protein structure were carried
out to find answers to the following questions:

1.

Do the amino acid compositions of collagens correlate with animal evo-
lution? What are essential features of eollagen structure?

Has the helical structure remained constant during evolution as judged
by the optical rotatory properties of tropoeollagen solutions? How much
does the thermal stability of the helical structure of collagens vary as
measured by optical rotation and thermal contraction? How does the
stability correlate with chemieal structure?

Are the components of tropocollagen influenced by evolution? Is an
ancestral polypeptide chain detectable?

Are the solubilities of skin collagens related to the evolutionary stage?



MATERIATL AND METHODS

SAMPLES OF SKINS

~ and a calf (age one week) ;
Guinea pig (Cavia porcellus (L.)), skins of 8 full-grown (weighing 520
840 g, mean 650 g) and 15 growing (weight under 500 g) guinea pigs;

about 1.5 kg);

Ringed snake (Natriz natrig (L.)), skins of 5 snakes (lengths over 50 ¢m) ;

Toad (Bufo bufo (L.)) and Frog (Rana temporarig L.), skins of 8 toads
and sking of 18 frogs ( weighing 15— 34 g, mean 23 g);

Flounder (Pleuronectes flesus 1.)%, sking of 3 flounders (weighing over
500 g);

Burbot (Lota vulgaris J enyns)*, skin of one burbot (weight 1.7 kg);

Pike (Esox luciys L.)%, skins of 2 pikes (weighing 1—2 ke);

Smooth dogfish, (Mustelus mustelys (I..))2, skins of 4 fishes (lengths 4050

Rayfish (Raja $p.)*, abdominal sking of 6 rayfishes (lengths over 40 cm,
widths over 40 em);

Hagfish (M yxine glutinosa L.)3, skins of 30 hagfishes (lengths 2530 em);

Lamprey ( Petromyzon fluviatilis L.)* skins of 35 lampreys (lengths over
35 cm).

—_—

* From the Turku archipelago in Finland. )
* From the Mediterranean at the Marine Biological Station of Parma University

Sweden (eourtesy of Dr., Bertil Swedmark),
-* From the Pori archipelago in Finland (courtesy of Fisherman Erkki Lundgren).



Treatment of skins. The animals were skinned immediately after
slaughter, the hagfishes and lampreys while still alive. The hair, scales and
subcutaneous fat were removed carefully. The skins were rinsed with
water, cut into pieces and homogenized. The frozen mammalian skins were
ground in an ice-cold meat-grinder before homogenization. The material
was homogenized in a rotating blade disintegrator (Edmund Biihler,
* Tiibingen, West Germany, 50,000 rev./min).

Dry matter, ash content and hydroxyproline determinations were
carried out on the rinsed material.

FRACTIONATION OF COLLAGEN
BY SOLVENT EXTRACTION

The isolation and purification of the various collagen fractions were
performed at 4° unless otherwise stated. All extractions were carried out
overnight with agitation in a swirling shaker (C. Desaga, GmbH, Heidel-
berg, West Germany, 80—140 strokes per minute). In the centrifugations
either an MSE High-Speed 17” or an MSE ”Superspeed 50 S” refriger-
ated centrifuge (Measuring & Scientific Equipment Ltd., London, England)
was used.

Isolation and purification of neutral salt-soluble collagen

The isolation of NSC from guinea pig and lamprey skins was carried
out by repeated extraction with 0.45 M sodium chloride solution as de-
seribed in Fig. 1. The neutral salt-soluble collagen in combined extracts
was purified according to Gross (1958a) as rapidly as possible. The total
recoveries were 74.2 % and 79.9 %, respectively, for guinea pig and
lamprey collagens. As a criterion of the purity the ratio of hydroxyproline
nitrogen to total nitrogen was determined. The ratios for NSC of guinea
pig and lamprey were 0.082 and 0.071.

Isolation and purification of citrate-soluble collagen

Citrate-soluble collagen was isolated by repeated extraction with
0.15M citrate buffer of pH 3.7 of the tissue mass remaining after the
extractions with sodium chloride solutions, as deseribed in Fig., 1. The
eombined citrate extracts were purified according to the scheme in Fig. 2.



Skin
homogenized in 2—10 volumes
(v/w) of 0.45 M Na(]
three extractions with agitation
centrifuged 2 h at 35,500x g

Combined extracts  Residue
(impure NSC)

homogenized in an equal volume of

0.15 M citrate buffer of pH 3.7

four extractions with agitation
centrifuged 2 h at 35,500 g

Combined extracts  Residue
(impure A(Q) (IC)

homogenized in 4—10 volumeg
(v/w) of solvent

gelatinized at 40° for 15 min

centrifuged 30 min at 35,500 % g

/I

Supernate 14 Residue

gelatinized in an equal volume of
solvent at 60° or 65° for 2h
centrifuged 30 min at 35,500 X g

]

Supernate 2% or ss Residue

gelatinized in an equal volume of
solvent at 90° or 120° for2h
centrifuged 30 min at 35,500X g

Supernate g or wo Residue 3% or 1o

the residue 3% was further

gelatinized in an equal volume of
solvent at 120° for 9 b

centrifuged 30 min at 35,500% g

Supernate 42 Residue 40

Fig. 1. Fraetionation scheme for skin collagen,



Combined citrate extracts
(impure AC)

sodium chloride added with stirring
to a content of 15 % (w/v)

kept overnight at 4°

centrifuged 2 h at 35,500 X g

Supernate Precipitate

(discarded) extracted with 10 volumes (v/w) of
0.15 M citrate buffer of pH 3.7
with agitation at 4° overnight

centrifuged 30 min at 108,000X g

Supernate Residue

dialyzed against 0.02 M (discarded)
disodium phosphate at
4° for several days

centrifuged 2 h at 35,500 X g

i

Supernate Precipitate
(AC)
(discarded) dissolved in 0.5 M acetic acid;

stored frozen

Fig. 2. Purification scheme for acid-soluble collagen.

The recoveries of citrate-soluble collagen after precipitation with sodium
chloride and dialysis against disodium phosphate solution were 97.7 %
and 96.9 %. The ratio of hydroxyproline nitrogen to total nitrogen varied
from 0.063 to 0.112.

Isolation of insoluble collagen

After the citrate extractions the tissue mass was suspended in a
gelatinization medium, agitated at 4° and centrifuged. This was repeated
until the extract no longer contained protein (biuret reaction). The
residue was gelatinized as shown in Fig. 1.

When the gelatinization was carried out in a 0.01 M sodium acetate
buffer solution of pH 4.8, the ratio of hydroxyproline nitrogen to total
nitrogen varied from 0.052 to 0.089 in supernates 1%° and from 0.046 to
0.098 in supernates 260 or 65,



GENERAL ANALYTICAL METHODS
Dry matter and ash

A known weight of wet skin (0.1—5.0 g) was dried in a quartz crucible
to constant weight (usually two days) at 95°. Dry matter determinations
were carried out at least in triplicate. The coefficient of variation (100X
standard deviation/arithmetic mean) of the method was =* 5.1 %.

The dry matter was combusted at 530° in a muffle furnace (W. C.
Heraeus, GmbH, Hanau, West Germany, Type MB 170) overnight.
Weighing was always done after a constant period of time in a desiceator.
The coefficient of variation in the determination of the ash content was
*+10.8 %.

Hydroxyproline

The samples were hydrolysed in 5.7 N hydrochloric acid in tubes
(culture tubes with screw caps and PTFE packings, Kimax®) at 130°
for 3 hours. The hydrochloric acid was volatilized on a boiling water-bath.
The dry residue was dissolved in distilled water immediately before the
colour reaction was carried out by the method of Stegemann (1958)
as modified by Woessner (1961).

A standard gelatin (acid-processed pig-skin gelatin No. 149 (see Bio-
chem. J. 1961, 79, 652-—656), a gift from Dr. J. E. Eastoe) was included
in every series. The coefficient of variation of the method was =+ 2.2 %.

Nitrogen

The combustions were carried out by the method of Stegemann (per-
sonal ecommunication to Dr. V. Nints). Half a millilitre of 8 N sulphurie
acid was added to a sample containing 5—30 ug of nitrogen and the test
tube was transferred to a hole in a aluminium block. The temperature of
the block was raised to 300° on an electric plate and the samples were
eombusted until no organic material remained.

Then 3.0 ml of water was added to each tube followed by 3.0 ml of
Nessler’s reagent (made 0.015 M in potassium cyanide to prevent precip-
itation as proposed by Minari and Zilversmit (1963)). The absorbance
was measured at 420 nm against a reagent blank after 30 min.

A series of ammonium sulphate standards was included in every
digestion series. The coefficient of variation of the method was = 1.7 %.



e-AmMINO NItrogen -

The a-amino nitrogen contents were determined according to Szentirmai
et al. (1962). Six glutamic acid standards of varying concentration were
included in every series. The coefficient of variation of the method was
*+6.9 %.

Protein

The biuret method was a modification of that described by Lowry et al.
(1951).

A known volume, 0.030—2.00 ml, of solution containing 0.005—0.2 mg
of protein was pipetted into a test tube. After the addition of 3.0 ml of
freshly prepared alkaline copper reagent (50 volumes of 6 % sodium
carbonate in 0.25 N sodium hydroxide solution and one volume of 0.5 %
copper sulphate in 1 % sodium or potassium tartrate solution), the contents
were mixed and left to stand for 10 min. Diluted Folin’s reagent (0.6 ml)
was added and the mixture shaken immediately. The absorbance at 750
nm was measured against the reagent blank after 30 minutes.

Standard curves were made for the various sample volumes using
standard gelatin (see the determination of hydroxyproline). The coefficient
of variation of the method was = 3.1 %.

CONTENT OF COLLAGEN

The collagen content was caleulated either from the content of hydroxy-
proline (by multiplying the hydroxyproline content by 7.3) or from the
content of total nitrogen (by multiplying the nitrogen content by 5.55)
or determined by the biuret method.

DETERMINATION OF AMINO ACID COMPOSITION

Hydrolysis. Protein (1—3 mg) was hydrolysed in 2—4 ml of 5.7 N
hydrochloric acid under nitrogen at 110° for 20 hours, After the hydro-
chloric acid had been volatilized on a boiling water-bath, the dry residue
was dissolved in 0.2 N citrate buffer of pH 2.2 and stored frozen. The
e-amino nitrogen content of the hydrolysate was determined.



Description of the equipment and method. Amino acid analyses were
carried out by ion exchange chromatography with an automatic amino
acid analyser built according to Spackman, Stein and Moore (1958).

Ground Amberlite resin CG-120, Type III, 400 mesh, was fractionated
by the hydraulic method of Hamilton (1958). Fractions of particle sizes
6818 n and 47+11 u were used to resolve neutral and basic amino
acids, respectively. '

The buffer solutions were prepared exactly as proposed by Moore,
Spackman and Stein ( 1958) except that the pH of the first buffer solution
used to elute the 150-cm column was 3.05 = 0.02 instead of 3.25.

The solvents were pumped through the 150-em column with an Accu-
Flo® pump (Beckman Instruments Ine., Spinco Division, Palo Alto, Calif,,
U.S.A.) and through the 50-em column in the early stages of the investiga-
tion with a MiniFlow precision micropump (LKB Produkter AB, Stock-
holm, Sweden, Type 4501) at a flow rate of 22.4 ml/h. The ninhydrin
reagent was also pumped with a MiniFlow pump at a rate of 11.2 ml/h.
Later the MiniFlow pumps were replaced by Accu-Flo® pumps and the
flow rates were increased to 40 ml/h and 20 ml/h, respectively.

The mixture of column effluent and ninhydrin reagent was led through
PTFE tubing, bore initially 0.5 mm and later 0.8 mm when the flow rate
was increased, through a boiling water-bath where the mixture remained
for at least 15 minutes. The colorimeter was constructed precisely according
to the instruetions of Spackman et al. (1958). Signals were registered with
a multichannel recorder (Philips Type PR 3210 A/00), using a chart
speed of 40 mm/h, with a 1-mm interval between two successive printings
on the same channel. A special kind of logarithmie chart paper manu-
factured by A. Ahlstrom Oy, Euran Paperi, Kauttua, Finland, was used.

The separation of acidic and neutral amino acids was carried out in
a 150X0.9 em resin column at 50 = 1°, The initial eluting solution was
a 0.20 N citrate buffer of pH 8.05+0.02. A change to 0.20 N citrate
buffer of pH 4.25 % 0.02 was performed automatically so that cystine and
valine were eluted by the second buffer. A 50X0.9 em resin column was
used in the analysis of basic amino acids. The eluting buffer was a 0.38 N
citrate buffer of pH 4.26 =0.02. When lysine had -emerged from the
column, the temperature was raised automatically from 30° to 50°,

Standardization and calculation of resulls. Norleucine (L. Light & Co.,
Ltd., Poyle, Colnbrook, Bucks., England) and B-2-thienylalanine (Nutri-
tional Biochemieal Corporation, Cleveland, Ohio, U.S.A.) were included as
internal standards in every chromatographic run through the 150-cm
column and B-2-thienylalanine and 2-amino-3-guanidopropionic acid (Cal-



biochem, Los Angeles, Calif., U.S.A.) in every run through the 50-em
column (Siegel and Roach 1961, Walsh and Brown 1962).

For quantitation of the chromatographie peaks, a standard mixture
of amino acids (Amino Acid Calibration Mixture Type I for Amino Acid
Analyzer, Lots CM 115 and CM 116, Beckman Instruments Inc., Spineo
Division, Palo Alto, Calif., U.S.A.) was repeatedly chromatographed. The
following standard amino acids, which were found to be pure by two-
dimensional paper chromatography, were added to this mixture: cysteice
acid (L. Light & Co., Litd., Poyle, Colnbrook, Bueks., England), methionine
sulphoxide, hydroxyproline (Fluka AG, Buchs SG, Switzerland), delta-
hydroxylysine (K & K Laboratories Inc., Plainview, New York, U.S.A.)
and ornithine (S.A. F. Hoffmann-La Roche & Co., AG., Basle, Switzer-
land).

The peak areas were calculated by multiplying the height (absorbance)
of each peak by its width at half height. A colour constant was obtained
by dividing the number of micromoles of an amino acid by the respective
peak area. Relative colour constants were caleculated for every amino acid
by taking the constant for norleucine to be unity. The amount of each
amino acid in micromoles in the sample was obtained from the formulas:

150-cm column 50-cm column

X =y ay/an X =gy a,"y/ag"qp

X = number of micromoles of amino acid x

Qx = relative colour constant of amino acid x (norleucine = 1.00)

g = relative colour constant of 8-2-thienylalanine (norleucine = 1.00)

a, = measured peak area of amino acid x

an, = measured peak area of 1.00 umole of norleucine

ag = measured peak area of 1.00 umole of B-2-thienylanine

y = the ratio of the a-amino nitrogen content of the sample added to the
150-cm column to the a-amino nitrogen content of the sample added
to the 50-cm ecolumn

The amino acid composition was expressed by giving the number of residues
of the individual amino acids per 1000 residues.

The mean coefficients of variation of the relative colour constants were
*+3.4 % (range 0.8—6.0 %) at 570 nm and *14.2 % (range 12.0—16.3 %)
at 440 nm when using the 150-em column, and = 6.1 % (range 4.9—8.4 %)
when using the 50-em column.



DETERMINATION OF OPTICATL ROTATORY DISPERSION

Samples, Cltrate~soluble collagens jp 0.5 M acetic aeid were dialyzed
at 4° againgt a0l15 M citrate buffer solution of pH 37 and centrifuged
at 200,000 x 9 until clear.
concentration of about 0.1 9 (this concentratiop was later accurately
calculated from the nitrogen content of the sample actually ygeq in polar.
imetry).

Equipment and measurement. The Perkin~E1mer Type 141 Polarimeter
(Perkin—Elmer Co.,, GmbH, Uberh'ngen, Bodensee, West Germany) was

solutions, the collageng were denatureq at 40° for 3¢ Iinuteg,

On of results. The optiea] rotations of both native and
denatureq collagen solutiong were studied at a series of Wavelengths t,
determine whether they can be represented by the Dryde equation

[alx=4/ (A%—x,2)

[a]y= Specifie rotation at Wavelength )
= Wavelength of incident radiation
A = constant characterigtie of the Iateria] (Wavelength of absorption
maximum)
A =, constant characteristie of the Material that includeg the refractive
index (dependent on the helix content of DProteins),

The value of A is determineq from the slope of the plot of A?[a]x againgt
[a]x ( Yang ang Doty 1957).

[a]a= Kaga,2/ (A%—n,2) + Kboa,t/ (/\2~/\o"’)2

bo, Ay = constants that are principally funetiong of the helica] backbone, not
dependent on side chaing op environment, ie., solvent, temperatyre
and pH

a, = constant Tepresenting intrinsie residue Totations, amino gcjd com-



position, and rotations due to interactions within the helix, and
dependent upon the environment

K = constant that is a function of the mean residue weight of collagen
and of the refractive index of the solvent.

The equation was solved graphically by determining the wavelength A,
which gave a linear plot when [a]a(A>—A,®) was plotted against
(A—Ao2) ™.

The mean values of A, were found to be 251 nm and 254 nm for the
studied native and denatured collagens, respectively (Table VIII). The
value 250 nm of A, was used in the calculations because a variation of +95
nm is permitted by Moffitt and Yang in the choice of X, and since it is
essential to use the same value of A, for both native and denatured macro-
_.molecules when determining the helix eontent (Urnes and Doty 1961).
The constants Kb, and Ka, were obtained by dividing the graphically
determined slope of the plot by A.* and the intercept by XAo?, respectively
(Fasman 1963).

For the comparison of the helix contents of the various collagens a
quantity related only to the helix content was formed as follows. The
obtained values of constants (Kb® and Kap) for denatured collagen were
subtracted from those (Kb¥ and Ka%) for native collagen. This gives
two terms both dependent on the helix content, Kb¥ —Kb? (written
Kb#-?) and Ka¥—Kap (written Ka¥-), which could be combmed
into one (bH‘D/a“‘D) by d1v1d1ng the former by the latter. This procedure
is based on the assumption that the value of the constant K is the same
for both native and denatured collagens. Actually the value of K varies
with temperature since it includes the refractive index which is known to
be temperature dependent. When, however, the optical rotatory dispersions
are determined under comparable conditions, the error due to the varia-
tion of K is the same in all measurements and ecan be neglected.

DETERMINATION OF THE DENATURATION TEMPERATURE
OF DISSOLVED GOLLAGEN

Samples. The denaturation temperatures of collagen solutions were
determined on the same samples as were used for the determination of the
optical rotations of native collagens.

Equipment and procedure. The polarlmeter and the jacketed tube
were those described on p. 26. The jacket was connected to a water-bath



by two pumps (H, Heidolph, Schwabach, West Germany, Type P 50, 270
rev./min). A eoil through which eold tap water passed wag immersed i
the bath to minimize temperature fluetuations,

The optical rotation of a collagen solution was first measured at 365 nm

Calculations, The specific rotations were caleulated and the denatur-
ation curve wag constructed by plotting ([a] s6s —l] o)/ ( [a]Z —[ al2.)
as a function of temperature,

[a]t s = Specific rotation at 365 nm and temperature t
[«] s = Specific rotation of completely denatured collagen at 365 nm

[a]E. = specific rotation of native collagen at 365 nm.

Because of the dependence of the optical rotation on the secondary

ature. The denaturation temperature (Tp) of a collagen solution was
defined as the temperature where 5 50 % change in optical rotation had
oceurred,

DETERMINATION OF THE SHRINKAGE TEMPERATURE
OF SKIN

Samples. The hair, feathers or scales and the subeutaneous fat were
removed from the sking which were then ringed in running tap water and
stored frozen until analysed. Before analysis, the thawed specimens were
kept in distilled water at 4°, which wag replaced repeatedly, for at least 24
hours. The skin of the smooth dogfish was an exception, for it was pre-
served in 15 9, aqueous ethanol at 4° about one week before rinsing (Pikka-
rainen and Kulonen 1966),

Equipment and measurements. A piece of skin, 1 X 5 cm, with punched
holes in each eng (F, Fig. 3) was hung with the aid of two hooks from a
rubber stopper (I). A 60—500 mg stainless steel weight (G) was attached



FRACTIONATION OF COLLAGEN COMPONENTS BY STARCH
: GEL ELECTROPHORESIS

Samples. The samples of collagen were either dialyzed against or dis-
solved in a sodium acetate buffer of pH 4.7 (I= 0.017) to give an about
0.5 % solution. Before fractionation the sample solution was denatured by
keeping it at least 15 minutes at 40°,

Method. The starch gel electrophoresis of collagen has been deseribed
in detail earlier (Nénto et al. 1963, 1965). Eleven grams of starch (Con-
naught Medical Laboratories, Litd., Toronto, Canada) suspended in 75 ml
of a sodium acetate buffer solution was heated in a flask over a flame with
continuous stirring. When the formed gel began to boil, it was deaerated
with a water pump half a minute. The -gel was poured into g trough,
covered with a glass plate and allowed to cool at least 1.5 hours. Tt was
rewarmed to 38° before application of the denatured collagen sample
solution imbibed in a piece of Whatman 3 MM filter paper. The moist filter
baper was inserted in a perpendicular slot in the anode end of the gel and
the gel sheet was covered with a thin film of plastic before applying the
current. :

The combined volume of the buffer compartments was 3.5 1. The voltage

applied to the electrodes was 125 V, and the duration of electrophoresis
was usually six hours. The electrophoresis was carried out in a room held
at 38°, :
The stained and washed gels were photographed on Adox KB-14 or
Agfa Agepan films using a dark red filter (Johannes Weber KG, Wies-
baden, West Germany) for better contrast. The absolute and relative
migrations were caleulated for the various components. In the calculation
of relative migration the distance travelled by the fastest moving band in
each gel was taken as 100.

Standardization. An attempt was made to keep the voltage constant
during the run by manual adjustment. In order to get comparable electro-
phoretic migration data for various collagens, purified citrate-soluble col-
lagen of guines pig skin was used as an internal standard in every electro-
phoretic run in each gel sheet.

When the effect of ionic strength or pH on the electrophoretic pattern
was studied, all the respective runs were carried out simultaneously, The
conductances of the buffers used were also measured.



FRACTIONATION OF COLLAGEN COMPONENTS BY CARBOXY-
METHYLCELLULOSE COLUMN CHROMATOGRAPHY

Samples. The samples of citrate-soluble collagens were dialyzed against
0.01 M sodium acetate buffer of pH 4.7 at 4°. Before chromatography the
dialyzed solutions were denatured by keeping them at least 15 minutes at
40°.

Equipment and procedure. A jacketed chromatographic tube (inside
diameter 20 mm) held at 38° was packed under nitrogen pressure to a
column height of 30 em with CM-cellulose (Whatman CM 70 or Whatman
Chromedia grade CM 11) that had been preswollen in the starting buffer
at least one night. The packed column was then equilibrated with the
~ starting buffer.

A linear gradient (Piez et al. 1963) between the starting and limiting
buffers was obtained with a peristaltic pump (C. Desaga, Heidelberg, West
Germany) as deseribed by Davis, Santen and Agranoff (1965). The lim-
iting buffer was prepared by adding sodium chloride to the starting buffer,
a sodium acetate buffer of pH 4.8 with I=20.03, 0.04 or 0.06, until the
sodium chloride concentration was 0.10 molar (I=0.13, 0.14 or 0.16).
Sometimes the column was eluted further with 1.7 M sodium chloride
solution applied directly onto the bed after the gradient. The effluent was
collected in 2- or 4-ml fractions in a collector (Dr. Hans Hosli, Bischofszell,
Switzerland, Type TVZ-260) at a constant flow rate of 60 ml/h. All connec-
tions to and from the ecolumn were small-bore (1.0—1.5 mm) polythene
tubing. The buffers were deaerated by heating and the liquid in the mixing
vessel was covered with liquid paraffin.

Protein in the effluent was detected either with the biuret reaction or,
before the collection of the fractions, by recording the transmittance at 230
nm with a UV—Vis 139 Hitachi—Perkin—Elmer spectrophotometer
equipped with a photomultiplier, a flow cell (light path 5 mm) and a
Hitachi—Perkin—Elmer Type 159 recorder.

Combined effluent fractions were freeze-dried to reduce the volume and
desalted on Sephadex G-25 (Pharmacia Fine Chemicals AB, Uppsala, Swe-
den) columns at 38° using pyridine-acetate buffer of pH 4.7 (05 %
pyridine in 0.45 % acetic acid) for elution. The desalted solutions were
treeze-dried again and the residue was dissolved, with slight warming when
necessary, in either 0.5 M acetic acid or the sodium acetate buffer of pH
4.7 (I=0.017) used in the starch gel electrophoresis. The fractions were
stored at —20°.



RESULTS
AMINO ACID COMPOSITIONS

The amino acid compositions of the citrate-soluble collagens of several
vertebrates are presented in Tables VI and VIL The results confirm the
known constancy of the content of nonpolar amino acids and the sum of
the contents of acidic and hydroxy amino acids as well as the absence of
cystine (Tables I and II). The content of glycine is about one third of
the total amino acid content in different collagens. Not only the glycine
~ content, but also the contents of alanine, glutamic acid and aspartic acid
vary only slightly.

Pig and chick collagens have high contents of both imino acids, but low
contents of serine and threonine compared to collagens of fishes and cyelo-
stomes. The methionine contents are also lower in the pig and chick
collagens than in the collagens of fishes, except flounder.

The collagens of the cartilaginous fishes, dogfish and rayfish, have
higher contents of isoleucine and arginine (and hence basic amino acids)
than the collagens of all the other species examined in the present study
and contain more glutamic acid, valine and leucine than flounder or cyclo-
stomes. The amino acid compositions of dogfish and rayfish collagens seem
to differ only in the serine, threonine and imino acid contents that are
believed to be responsible for the stability of collagen.

The collagens of cyclostomes, hagfish and lamprey, have lower contents
of leucine than the other collagens studied. Lamprey collagen resembles the
collagens of higher vertebrates more than hagfish collagen in having a
higher content of imino acids and less serine and threonine.

An evolutionary trend in the amino acid composition of collagen can
be observed in the contents of imino acids, threonine, serine, methionine
and histidine. Flounder collagen is not typical as in the contents of threo-
nine, methionine and histidine it resembles more the collagens of higher
vertebrates than the collagens of fishes. The composition of lamprey
collagen also differs from the expected in the contents of various amino
acids (see Discussion).



Table VI.
Amino acid compositions of citrate-soluble collagens.
The values are numbers of amino acid residues per 1000 residues and have not been
corrected for losses during hydrolysis and chromatography. The numbers in parentheses
are the numbers of determinations.

O s =
w | £ | 2|2 2 OBl % f
& 8 £ | A &= 3
Hydroxyprolines (3- & 4-) 91 99 65 63 72 61| 62 66
Aspartic acid 46 47 55 47 42 42| 50 49
Threonine 18 19 22 20 25 30| 27 23
Serine 35 27 56 65 46 711 71 58
Glutamic acid 72 73 62 58 72 721 59 67
Proline . 132 113 102 103 99 84| 92 107
Glycine 330 334 | 362 |374 333 332|381 356
Alanine 111 127 122 120 119 971 116 121
Half cystine (and
cysteie acid) — — — e
Valine 1 26 19 17 18 25 23| 17 17
Methionine (and
sulphoxides) 4 7 5 7 11 14} 11 10
Isoleucine 10 12 11 7 18 19| 10 8
Leucine 24 26 25 20 27 28| 16 19
Tyrosine . 3 <0.5 2 1 <05 5 2 1
Phenylalanine 13 10 11 7 10 14 8 9
Hydroxylysines 7 3 3 3 3 3 3 4
Ornithine — 1 — — — —] — <05
Lysine 26 27 26 26 29 26| 14 23
Histidine 4 3 3 4 7 10 7 6
Arginine 49 53 51 57 62 69| 54 56
Acidic amino acids 118 120 117 | 105 114 114] 109 116
Basic amino acids 86 87 83 90 101 108] 78 89
Difference 32 33 34 15 13 6] 31 27
Imino acids 223 212 167 166 171 145 154 173
Hydroxy amino acids 154 148 148 152 146 170| 165 152
Nonpolar amino aecids 650 648 655 656 642 611 | 651 647

* Pig-skin gelatin, see p. 22.



Table VII.
Variations in the amino acid contents of citrate-soluble collagens.

The values are based on the data in Table VI.

Range A Mean A/Mean

Hydroxyprolines (3- & 4-) 61— 99 38 80 0.48
Aspartic acid 42— 55 13 48.5 0.27
Threonine 18— 30 12 24 0.50
Serine 27— 71 44 49 0.90
Glutamic acid 58— 73 15 65.5 0.23
Proline : 84—132 48 108 0.44
Glycine 330—381 51 355.5 0.14
Alanine 97—127 30 112 0.27
Half cystine (and cysteic acid) —_ — — —
Valine 17— 26 9 21.5 0.42
Methionine (and sulphoxides) 4— 14 - 10 9 1.11
Isoleucine 7— 19 12 13 0.92
Leucine 16— 28 12 22 0.55
Tyrosine <05— 5 5 2.5 2.00
Phenylalanine 7— 14 7 10.5 0.67
Hydroxylysines 3— 7 4 5 0.80
Ornithine 0— 1 1 0.5 2.00
Lysine 14— 29 15 21.5 0.70
Histidine 3— 10 7 6.5 1.08
Arginine ‘ - 49— 69 20 59 0.34
Acidic amino acids 105—120 15 112.5 0:13
Basic amino acids 78—108 30 93 0.32
Difference 6— 34

Imino acids 145—223 78 184 0.42
‘Hydroxy amino acids 146—170 24 158 0.15
Nonpolar amino acids 611—656 45 633.5 0.07

OPTICAL ROTATORY DISPERSIONS

The optical rotations of several citrate-soluble collagens were determined
at different wavelengths to evaluate the optical rotatory dispersions. Two
equations were fitted to the optical data. The Drude equation describes
the rotatory dispersion in regions distant from absorption bands, whereas
the equation of Moffitt and Yang gives the helix content more reliably.
The results of these calculations are presented in Table VIIL
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The rotatory dispersions of the investigated collagens are of the simple
type over the studied region 365—578 nm and can hence be represented by
the one-term Drude equation. The values of A, for both native (¥) and
denatured (P) collagens are nearly equal, mean values 201 nm and 208 nm,
and independent of the species. Qince the constant A varies with the helix
content of proteins, the difference AH__AD js an estimate of the helix
content and seems to be relatively invariable in the collagens studied.

When the obtained dispersion values were substituted in the Moffitt-
Yang equation, the mean values of A, were 251 nm for the native and 254
nm for the denatured collagens. For the comparison of helix contents the
quantity b¥P/diPwas calculated from the values of constants obtained
for native (Kb¥ and Kal) and denatured (KbP and KaP) ecollagens.
Table VIII shows that also the values of this quantity for the various
collagens are nearly equal.

To recapitulate the results of the studies on optical rotatory dispersion,
the values of A obtained for both native and denatured collagens are nearly
equal for all collagens studied regardless of species. The same applies to A.
The helix content of collagen does not seem to vary from one species to
another.

DENATURATION TEMPERATURES

The denaturation temperatures of dissolved collagens give information
only on the intramolecular forces that stabilize the tropocollagen molecule.
The thermal shrinkage temperatures give in addition information on the
interaction of native tropocollagen molecules.

Table IX presents values of Tp for several ci:crate-soluble collagens
(Tp is defined as the temperature at which a 50 % change has oceurred
in optical rotation). Mammalian and avian collagens, that is, collagens of
homoiothermic animals, have Tp values at least 15° higher than the

10

RAYFISH | LAMPREY

Fig. 4. Denaturation curves of different
citrate-soluble collagens.

0 20 % we Abscissa: temperature. Ordinate: the pro-
portion of native collagen at temperature
t determined from optical rotation.




Table IX.
Denaturation temperatures of collagens in the liquid (Tp) and solid (Ts) state.
The Tp values were determined by polarimetry of solutions of citrate-soluble
collagens in a 0.15 M citrate buffer of pH 3.7. The T values and the relative con-
tractions of the skins were determined in water.

Ts. Shrinkage, percent
Tp ,
First Second First Second

Cow — 70°—73° — - —
Calf 37.4° 68°—71° —_ 35—50 —
Guinea pig,

full-grown 37.1° — — — —

growing 37.3° _ — — —
Chick 40.7° 64°—67° — 35—45 —
Frog 25.3° 58°—61° — 30—35 —_
Flounder 20.7° 51°0—53° | (712°—76°1)| 35—45 (10—259)
Burbot 19.8° — — — —_
Pike 26.0° — — — —
Dogfish 25.1° 53°—55° | (65°—75°%)| 10—20% (5—201)
Rayfish 13.2° 36°—39° 60°—64° 15—35 5—25
Hagfish 15.7° 33°—36° | 59°—62° 15—30 |(—15)—25
Lamprey 21.0° 44°—46° 65°—68° 3—6 20—25

T, values of collagens of poikilothermie animals. The denaturation curves
in Fig. 4 show that rayfish collagen begins to lose its ordered structure
already at temperatures below 10°.

The measured thermal shrinkage temperatures reveal that fish and
eyclostome skins have distinetly lower Ts values than the skins of warm-
blooded animals (Table IX). Another remarkable property that places

«

Fig. 5. Biphasic thermal shrinkage curve [is
of hagfish skin loaded with various ol-
weights. 12mg
Abscissa: temperature. Ordinate: shrin- »
kage as a percentage of the original -
length (1,) at temperature t.
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these aquatic animals in a separate category is the biphasic form of the
denaturation curves of their collagens as shown in Fig. 5. Such a curve
was obtained for all the studied fish and cyelostome skins except dogfish
skin. The extent of the first shrinkage varied from one species to another,
but was independent of the applied weight for one animal, but the second
shrinkage depended on the weight applied.

The mean differences Ts (1st shrinkage)—Tp and Ts (2nd shrinkage)—
Ty are 27° (range 19°—34°) and 48° (range 45°—53°), respectively.

COMPONENTS RESOLVED BY STARCH
GEL ELECTROPHORESIS

A general picture of starch gel electrophoretic patterns of citrate-
soluble collagens is provided by Fig. 6 where the animals are arranged
in phylogenetic order. The figure shows that the electrophoretic pattern
is more complex in higher animals and that the evolutionary time interval
between cartilaginous and bony fishes means a juneture in the ‘evolution
of collagen, flounder being an exception. Although there are two” a-
components in the collagens of bony fishes, there is only one o
component in the collagens of cyclostomes and cartilaginous fishes.

In order to make sure of the nonidentity of the a-chains, guinea pig
collagen was mixed with both hagfish and lamprey collagens and these
mixtures were subjected to gel electrophoresis (Figs. 7—38).

ol
(AP
Bun

Fig. 7. Starch gel electrophoresis of a
mixture of citrate-soluble skin collagens
of hagfish and guinea pig.

MIXTURE

) Electrophoretic conditions: gel concentra-
tion 14.7 %, sodium acetate buffer of pH
GUINEA PIG HAGFISH 4.7 (1=0.017), 125 V for 6 h at 38°.



Fig. 8. Starch gel electrophoresis of a
mixture of neutral salt-soluble skin col-
lagens of lamprey and guinea pig.

Electrophoretic conditions: gel concentra-
tion 14.7 %, sodium acetate buffer of pH
4.7 (I=0.017), 125 V for 6 L at 38°.
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0.010
Fig. 9.

0125

Figs. 9—11. Starch gel electrophoretic
patterns of citrate-soluble collagen of
guinea pig skin when the jonic strength
of the buffer was varied.

Fig. 9. Photograph of original patterns.
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GUINEA PIG LAMPREY

Fig. 10. Schematic presentation of pat-
terns in Fig. 9.

Abscissa: ionic strength. Ordinate: elec-
trophoretic mobility (em?V-'sec*-). The
various shadings refer to the intensities
of the individual bands as estimated
visually.

Fig. 11. Like the previous figure but
the ordinate is the relative mobility (the
distance moved by the leading edge of the
fastest band in each gel was taken as
100).

Electrophoretic conditions: gel concentra-
tion 14.7 %, sodium acetate buffer of pH
4.7, 125 V for 6 h at 38°.
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Fig. 11.



The behaviour of various components was studied at different ionic
strengths keeping the other conditions unchanged. Fig. 9 presents a photo-
graph of electrophoretic patterns from one series of such experiments.
For clarity, this figure was redrawn and the following two figures (F'igs.
10—11) show two ways of presenting starch gel electrophoretic patterns.

The citrate-soluble collagens studied can be grouped into three classes
(F'ig. 25) on the basis of the migration behaviour of their main components
as follows. The first class, the so-called guinea pig-type, comprises guinea
pig (Figs. 9—11), chick (Fig. 12), frog (Fig. 13), burbot (Fig. 14) and
pike collagens (Fig. 15). The a-components and the B-components of the
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Fig. 12. Fig. 13.
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Fig. 14. ) Fig. 15.

Figs. 12—15. Effect of ionic strength on the starch gel electrophoretic patterns of
citrate-soluble skin collagens (guinea pig-type) of vertebrates.

The a-components and the g-components of the guinea pig-type collagens are more
effectively resolved when the ionic strength is increased.

Abscissa: ionic strength. Ordinate: relative mobility.

Electrophoretic conditions: gel concentration 14.7 %, sodium acetate buffer of pH 4.7,
125 V for 6 h at 38°,
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HAGFISH ) Figs. 16—18. Effect of ionjc strength on
I the starch gel electrophoretic patterns of
citrate-soluble skin collagens (rayfish-
100 | l type) of vertebrates.
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Figs. 19—20. Effect of ionic strength on the starch gel electrophoretic patterns of
citrate-soluble skin collagens (lamprey-type) of vertebrates.

The mobilities of the e- and g-components of lamprey and flounder collagens vary
similarly with ionic strength.

Abscissa: ionic strength. Ordinate: relative mobility.

Electrophoretic conditions: gel concentration 14.7 %, sodium acetate buffer of pH 4.7,
125 V for 6 h at 38°. :



guinea pig-type collagens are more effectively resolved when the ionic
strength is increased. The second elass (the rayfish-type) comprises dog-
fish (Fig. 16), rayfish (Fig. 17) and hagfish collagens (Fig. 18). The
mobilities of the «- and B-components of these collagens approach each
other when the ionic strength is increased. The third type, the lamprey-
type, includes flounder collagen (F'ig. 20) in addition to lamprey collagen
(Fig. 19). The mobilities of the a- and B-components of these collagens
vary similarly with ionic strength,

The effect of pH on the electrophoretic patterns of the three types of '
collagen resembled the effect of ionic strength as seen in Figs. 21—24. The
results of these studies on the effect of ionic strength and pH are
summarized schematically in Fig. 25. The «- and B-components of rayfish
and lamprey collagens were identified by sedimentation analyses (carried
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Fig. 23. Fig. 24.

Figs. 21—24. Bffect of pH on the starch gel electrophoretic patterns of citrate-soluble
skin collagens of vertebrates.

The effect of pH on the electrophoretic mobilities of the a- and g-components of the
various collagen types resembles the effect of ionic strength.

Abscissa: pH. Ordinate: relative mobility in Figs. 22—24 and electrophoretic mobility
(em®*V-1sec™) in Fig. 21.

Electrophoretic conditions: gel concentration 14.7 %, sodium acetate buffer (I = 0.017),
125 V for 6 h at 38°.
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IONIC STRENGTH OR pH

out by Dr. T. Hollmén) which gave the sedimentation constant (sg, . )
4.228 for the faster component and the sedimentation constant 3.04S for
the slower component of rayfish collagen and the constants 4.14S and
3.17S for the faster and slower components; respectively, of lamprey
collagen.

The appearance of a second and a third new e-component during evo-
lution is discussed later (Fig. 39).

A study of the effect of varying the gel concentration was carried out
with guinea pig (Figs. 26—27) and rayfish collagens (Figs. 28—29).
The sieve effect which separates the a- and B-components according to
their molecular weights is observed with both collagens; this separation
is more marked at the lower ionic strength (0.010). The electrophoretic
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Figs. 26—29. Effect of gel concentration on the starch gel electrophoretic patterns of

citrate-soluble skin collagens of guinea pig and rayfish.

Abscissa: gel concentration (w/v). Ordinate: relative mobility.

Electrophoretic conditions: sodium acetate buffer of pH 4.7 (I=0.010 in Figs. 26
and 28; I = 0.020 in Figs. 27 and 29), 125 V for 6 h at 38°.

T
12

mobilities of the components decreased with increasing gel concentration
but the changes in the relative mobilities differed from those observed
when the ionic strength or pH was altered.

COMPONENTS RESOLVED BY CARBOXYMETHYLCELLULOSE
COLUMN CHROMATOGRAPHY AND STARCH
GEL ELECTROPHORESIS

The ecitrate-soluble collagens of the different species studied could be
divided into two groups on the basis of their patterns in CM-cellulose
chromatograms. The first group comprised the guinea pig and rayfish
types, which all gave similar fractionation patterns composed of two major
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Figs. 30—32. CM-cellulose chromatography
of citrate-soluble skin collagens (guinea
pig-type) of vertebrates and the starch
gel electrophoresis of chromatographic
fractions.

The a- and g-components of guinea pig-
type collagens are eluted from the CM-
cellulose column in the order ol, Bu, B
Fig. 32. and a2.

Abscissa: effluent volume (ml). Ordinate: optical density (left) and ionic strength
(right). Solid line: protein in the effluent, detected with the biuret reaction (absorption
at 230 nm in Fig. 31). Dashed line: ionic strength of eluting solution. 4: starch gel
electrophoretic pattern before chromatography. B: starch gel electrophoretic pattern of
citrate-soluble guinea pig collagen. Migration upwards.

05 1010

peaks with shoulders. The collagens of lamprey and flounder formed the
second group.

The first group could be further divided into two subgroups, the
guinea pig and rayfish types, by subjecting the chromatographic fractions
of collagens to starch gel electrophoresis. The «- and B-components in the
guinea pig-type collagens (Figs. 30—32) were eluted from the CM-
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Figs. 33—35. CM-cellulose chromatography
of citrate-soluble skin collagens (rayfish-
type) of vertebrates and the starch gel
electrophoresis of chromatographic frac-
tions.

The single a-component of the rayfish-
type collagens is eluted before the g-com-
ponent in CM-cellulose chromatography. Fig. 35.

Abscissa: effluent volume (ml). Ordinate: optical density (left) and ionie strength
(right). Solid line: protein in the effluent (absorption at 230 nm). Dashed line: ionic
strength of eluting solution. 4: starch gel electrophoretic pattern before chromatography.
B: starch gel electrophoretic pattern of citrate-soluble guinea pig collagen.

cellulose column in the order al, Bi1, B2 and 2. The CM-cellulose pattern
of the rayfish-type collagen (Figs. 33—35) differs from that of the
guinea pig-type in that the a-component and the B-component are more
highly resolved. In both types higher aggregates are eluted before the
Bz~ or B-component. The scheme in Fig. 36 shows the behaviour of the
a- and B-components of guinea pig-type and rayfish-type collagens in
chromatography and gel electrophoresis.



RELATIVE MIGRATION IN GEL ELECTROPHORESIS
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Fig. 36. A schematic representation show-
ing the various types of behaviour of
citrate-soluble collagens of guinea pig-
and rayfish-types in CM-cellulose chro-
matography and subsequent starch gel
electrophoresis.
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Fig. 37.

Figs. 37—38. CM-cell
type) of vertebrates and the starch gel el
Abscissa: effluent volume (ml). O
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Fig. 38.

ulose chromatography of citrate-soluble skin collagens (lamprey-
ectrophoresis of chromatographic fractions.

optical density (left) and iomic strength

B: starch gel electrophoretic pattern of citrate-soluble guinea pig collagen.



The lamprey and flounder citrate-soluble collagens of the second group
were completely eluted from the CM-cellulose column by an eluting buffer
of lower ionic strength than the other collagens. The chromatographic
separation of the e- and B-components of lamprey collagen (Fig. 37) was
poor, but otherwise this collagen resembled the rayfish-type. Flounder
collagen (Fig. 38) differed from lamprey collagen in being more effectively
resolved in CM-cellulose chromatography but the components were eluted
in the reverse order. No data are available, but the two peaks of flounder
collagen may represent components ol and o2, and not an a-component
and a B-component.

SOLUBILITY OF NATIVE AND DENATURED COLLAGENS

Repeated extraction of finely homogenized skin with 0.45 M sodium
chloride solution followed by 0.15 M citrate buffer of pH 3.7 at 4° resulted
in the dissolution of soluble collagens as shown in Table X. From 30 to

Table X.
Ash, hydroxyproline and soluble collagen contents of vertebrate skins.
Percent collagen soluble in
Ash* Hydroxy-
proline** neutral salt | acid buffer
solution solution
Cow 2.2 9.9 0.4 2.5
Calf 2.3 7.9 14 24.4
Guinea pig (full-grown) 2.0 6.9 7.5 17.1
Chick 0.8 2.3 18.0 6.7
Snake 4.5 4.2 0.5 1.3
Frog 6.3 4.6 2.7 4.5
Flounder 1.5 7.3 10.6 13.1
Burbot 0.9 7.9 1.8 46.8
Pike 0.6 7.6 1.2 33.7
Dogfish 26.9 8.4 1.9 44.0
Rayfish 3.7 6.2 0.4 89.5
Hagfish 0.9 8.4 0.5 78.3
Lamprey 0.8 5.6 2.1 74.6

* Ash as a percentage of the weight of the dry skin.
** /100 g of dry, ash-free skin.



90 % of the skin collagens of cyclostomes and fishes but only a few percent
of the collagens of a full-grown mammal passed into the citrate solution.
A similar difference connected with age was noted on comparing the
dissolution of collagens from the skins of a calf and a cow.

The decrease of the solubility of collagen during evolution was reflected
in the more facile gelatinization of insoluble cyclostome and fish skin
collagens. Table XI shows that more than half of their insoluble collagens
dissolved already when the skin residues, after extraction of the soluble
collagens, were warmed in 0.01 M sodium acetate buffer of pH 4.8 at 40°
for 15 minutes. The corresponding percentages for the insoluble collagens
of mammals were less than 10.

Table XI.
Gelatinization of insoluble skin collagens from various vertebrates.
Collagen solubilized in 0.01 M sodium acetate buffer of pH 4.8 at progressively raised
temperatures is expressed as a percentage of the original insoluble collagen. The
symbols for the various extracts are explained in Fig. 1.

R 3®
S 1 S 2% S 3*
1 S 4!20 R 4121

Cow 0.5 6.0 4.9 84.3 4.3
Calf 2.7 63.7 12.3 20.1 1.2
Guinea pig,

full-grown 9.2 60.6 14.3 15.4 0.5

growing 4.2 85.4 5.8 3.9 0.7
Chick 6.0 52.1 20.4 21.5
Snake 2.7 5.3 27.0 65.0
Toad 16.9 38.1 35.6 9.4
Burbot 69.3 12.6* 115 6.6
Pike 78.4 13.5 4.2 3.9
Hagfish 55.9 16.1% 10.8 17.2
Lamprey 89.9 4.4* 3.1 2.6

* (Gelatinized 2 hours at +60°,



DISCUSSION
GENERAL

Collagen is a very old protein, 550 million years old or perhaps older,
as judged from its wide distribution in the animal kingdom. The informa-
tion available on the evolution of collagen obtained from studies of fossils
is rather meagre and provides only the age of collagen. It has been
established by electron microscopy and X-ray diffraction methods that the
oldest collagen fibrils in remnants of bones and teeth are 170—200 million
years old (Isaacs et al. 1963, Doberenz and Lund 1966). From the amino
acid compositions of residues from fossils, Abelson (1963) and Armstrong
and Tarlo (1966) concluded that collagen existed in animals that lived
370 million years ago.

Since organic material easily decomposes with time, fossils are not
suitable for investigations of the evolution of eollagen. Knowledge of the
phylogeny of collagen can thus be only derived from existing animals by
methods of comparative biochemistry.

PRIMARY STRUCTURE

Because the complete amino acid sequences of collagen chains are not
known in detail, no information is available on the primary structures
of collagens of different species. The amino acid compositions have,
however, been studied by many investigators.

Tables I, IT, VI and VII present the relative proportions of individual
amino acids and their ranges which show that regardless of the species
all collagens are closely similar in amino acid composition. The ratio of
polar and nonpolar amino acids is constant, the latter comprising about
two thirds of all amino acids. The invariable content of glycine, one third
of the total, is a condition for the triple helical conformation. The pro-
portion of acidic and basic amino acids is rather constant although large
variations occur in the proportions of lysine, hydroxylysine and histidine.
The total number of lysine and hydroxylysine residues is constant except
in hagfish collagen. The great variation in histidine content may only be



apparent and due to the low proportion present. The number of hydroxyl
groups remains constant even though the proportions of serine, threonine
and hydroxyproline vary greatly. The significance of the variation of
hydroxyl groups and ¢mino acids will be discussed later. The only sulphur-
containing amino acid in vertebrate collagens is methionine.

Comparisons of amino acid compositions of collagens of different
species show that amphibian, fish and ecyclostome collagens contain less
imino acids than collagens of higher vertebrates. Eastoe (1957) proposed
that the low proportion of hydroxyproline in fish collagens is compensated
for by a high proportion of aliphatie hydroxy amino acids. Like the contents
of serine and threonine the content of methionine decreases with evolution.

Since the amino acid sequence of collagen is unknown, phylogenetie
comparisons of the primary structures of collagens of different species
cannot be carried out as in the case of haemoglobin (Buettner-Janusch
and Hill 1965); cytochrome ¢ (Margoliash 1963) and fibrinopeptides
(Blombick, Doolittle and Blombéck 1965). Therefore only the amino acid
compositions can be compared. The sums of the differences between the
relative numbers of amino acid residues in collagens of different species
given in Table VI can be compared in Table XII. To eliminate errors

Table XII.
Differences between the amino acid compositions of citrate-soluble collagens given in
Table VI.
99 £ 2 g 205 B
& 8 3 & a & i
Chick 30.5
Frog 82.5 71
Flounder 97.5 85 31
Dogfish 63.5 57 58 67
Rayfish 119 107 90 91 54
Hagfish 102.5 113 51.5 36 85 85
Lamprey 82.5 69 26 30 47 83 48




arising from possible differences in hydroxylation, the proportions of imino
acids and the proportions of lysines were taken instead of the proportions
of the individual amino acids. The figures in Table XII do not reveal two

- consecutive changes of primary structure that did not lead to an altered
amino acid composition. In general, however, the differences in the amino
acid compositions are related to the evolutionary ages of the species. The
amino acid composition of lamprey collagen is an exception and differs,
as has already been mentioned, from the amino acid composition of hagfish
collagen.

The polar regions along the tropocollagen molecule can be located by
means of the typical cross-striated pattern of its segment-long-spacing
collagen. Great similarities are observed on ecomparing SLS collagens of
the present investigation and the pattern of squid SLS collagen (Pikkarai-
nen et al. 1966, unpublished work by the author in Prof. Kiihn’s laboratory
in 1967). Quite recently, Nordwig and Hayduk (1967) did not find any
differences between the SLS patterns of collagens of Actinia equina L.,
a sea anemone, and a calf.

SECONDARY STRUCTURE

A triple helical conformation in crystalline regions is common to all
collagens. Regardless of the vertebrate species, the helix content was
constant in the citrate-soluble collagens of the present investigation. This
was shown by the approximate constancy of the differences between the
specific rotations of native and denatured collagens as well as the constaney
of the quantities A"—AP and b{™® /al™.

The functional evolution of collagen is characterized by an increase
in struetural stability. This is experimentally observed as a higher denatur-
“ation temperature of the collagen. In the present study the stabilities of
collagens to heat measured in both the solid and the liquid state show
that the cold-blooded animals clearly differ from warm-blooded animals
in having a weaker collagen strueture. A comparison of either the Ts or
the Ty values (Tables IV and IX) reveals that although an evolutionary
inerease in the stability of collagen has occurred, a large difference exists
between various species of the same class, e.g., between dogfish and
rayfish, and between hagfish and lamprey. The material is too small to
permit one to draw any conclusions about the natural selection of mutations
in the evolution of collagen stability. The apparent differences between the



Tp values of rayfish (13°) and smooth dogfish (25°) determined in the
present investigation and the Tp value of spiny dogfish (16°) reported
by Lewis and Piez (1961, 1964) could be due to an influence of dissimilar
environments on closely related species.

In conformity with recent views, the effects of cross-links, van der
Waals forees, and the hydroxyl groups of hydroxyproline are of no im-
portance for the stability of the collagen molecule. Significant in this
respect are not only the numbers of hydrogen bonds and pyrrolidine rings,
that is, the contents of proline and hydroxyproline, but also the distribution
of these amino acids throughout the molecule (Josse et al. 1964, Rao and
Harrington 1966).

The constaney of the number of hydroxyl groups' is characteristic of
all collagens of mesodermal origin. The contents of serine, threonine and

‘hydroxyproline found in the present material can be compared in Table
XIII which shows that changes in the number of serine and threonine
residues are compensated for by changes in the number of hydroxyproline
residues (even though the variations in the proportions of tyrosine and
hydroxylysine are large, they do not significantly influence the total
number of hydroxyl groups and can be neglected). Proline and lysine are
believed to be hydroxylated in the peptide chain to the corresponding
hydroxy amino acids. The codons of proline, threonine and serine, besides
being degenerate, differ only in the first “letter”. When these amino acids
are in peptide chains, the hydroxyl groups of serine and threonine are

Table XIII.
Comparison of hydrozyproline, threonine and serine contents of citrate-soluble collagens.

The collagens are listed in the order of increasing stability, Ty (Table IX). The
proportion of each amino acid is expressed as the number of residues per 1000 residues.

Hydroxy- Threonine Serine Hydroxy Imino

proline amino acids acids
Rayfish 61 30 71 170 145
Hagfish 62 27 71 165 154
Flounder 63 20 65 152 166
Lamprey 66 23 58 152 173
Dogfish 72 25 ) 46 146 171
Frog 65 22 56 148 167
Chick 99 19 27 148 212
Pig* 91 18 35 154 223

* Pig-skin gelatin, see p. 22.



stereochemically identical whereas the hydroxyl group of hydroxyproline
deviates slightly from these. Replacement of serine by threonine or vice
verse in the chain is thus not accompanied by a change in the hydrogen-
bond energy of the hydroxyl group as would be in the case if either were
replaced by hydroxyproline.

The way in which hydroxyl groups stabilize the collagen structure is
unknown. Combined O- and N-acetylation diminishes the Ts value of
calf skin collagen from 64°—66° to 40°—44°, while N-acetylation alone
has no effect (Gustafson 1954b). If we accept the Rich-Crick type II
model of collagen structure, the hydrogen bond formed by hydroxyproline
is intermolecular (intramolecular in type I). The investigations of
Harrington (1964), Bensusan and Nielsen (1964) and Rao and Harrington
(1966) support the Madras structure with two interchain hydrogen bonds
to every amino acid triplet (only one hydrogen bond in the Rich-Crick
types I and II). One hydrogen bond per triplet is, however, enough to
produce the triple helical conformation as demonstrated by the studies of
Rogulenkova, Millionova and Andreeva (1964) and Traub and Yonath
(1966) on the synthetic polypeptides poly (Gly-Pro-Hypro) and poly (Pro-
Gly-Pro). Since the ordered structure is found in limited regions
throughout the molecule, it is not impossible that both structures, those
with one and two stabilizing hydrogen bonds to each amino acid triplet,
should be taken into consideration.

The higher heat stability of the secondary structure of mammalian
and avian collagens compared to that of lower vertebrate collagens leads to
speculations about the connections between imino acid, serine and threonine
contents and high body temperatures of higher vertebrates and homoio-
thermy in general.

TERTIARY STRUCTURE

The citrate-soluble collagens examined in the present study were
separated into three types by gel electrophoresis and CM-cellulose chroma-
tography. Tn gel electrophoresis the separation is determined by both the
charges and the sizes of the particles, whereas the charge is the principal
resolving property in CM-cellulose chromatography.

At constant ionic strength the electrophoretic mobility is direetly
proportional to the particle charge. The thickness of the ionic double layer
surrounding and the hydrodynamic volume taken up by the particle are



constant. The experiments performed to determine the effect of a
change in ionic strength gave gel electrophoretic patterns similar to those
obtained when the pH was varied. Jackson and Neuberger (1957) have
shown that an increase in the ionic strength of a collagen solution leads to
a decrease in the isoelectrophoretic point of the collagen. This has been
attributed mainly to increased binding of anions. Another consequence of
an increase in ionie strength is that the hydrodynamie volume is reduced
and the ionic double layer moves in towards the particle and alters the net
charge of the particle (Bull 1964).

Comparison of the behaviour of various e-chains in Figs. 9—25 reveals
that the mobility of the «2-chain is highly dependent on ionie strength and
pH (Figs. 9—10), while the mobilities of the «l- and e-chains (rayfish-
type) resemble each other in being independent of these two parameters.
The similarity of chains el and « was further confirmed in the experiments
where the effect of gel concentration was studied (Figs. 27 and 29) and in
the gel electrophoresis of collagen mixtures (Fig. 7). The influence of ionic
strength or pH on migration is greater for the S-component of the rayfish-
type collagen than for the B-component of the guinea pig-type.

Investigations on the influence of gel concentration on electrophoretic
mobility revealed that the a- and B-components (which differ in molecular
weight) behaved differently when the ionic strength was changed at the
same gel concentration (Figs. 26—29). This can be explained by assuming
that the decrease in ionic strength has a greater effect on the hydro-
dynamic volume of the particle than on its charge. The effect of gel con-
centration on the migration of chains «2 and el of guinea pig and the
chain « of rayfish collagen (which chains are of equal molecular weight) at
ionic strength 0.020 resembled the effect of a decrease in either ionic
strength or pH (Fig. 25). Since starch is known to contain eharged groups,
the explanation could be a change in the ionic strength resulting from the
variation in gel concentration.

Lamprey collagen clearly occupies a special position on the basis of its
chain composition and chain behaviour when compared to other collagens.
This exceptional position is confirmed by amino acid analyses. Another
exception is flounder collagen. Analyses of collagens of other flatfishes
living in the same kind of environment might possibly shed more light on
this finding.

The appearance of the bony fishes seems to have been a turning point
in the development of collagen, perhaps because the collagen became more
easily ossified. On the basis of the present results, the following hypothesis
of the evolution of a-chains is proposed (Fig. 39). The primitive eollagen
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Fig. 39.

molecule was composed of three identical e-chains. Possibly as a result of
two successive duplications of the “collagen gene’” three e-chains developed
which underwent independent mutations leading to the three different
a-chains of the higher vertebrates (Pikkarainen and Kulonen 1967).

QUATERNARY STRUCTURE

The collagen fibres in tissues are formed from tropocollagen molecules
which aggregate, according to recent views, side to side and overlap a
quarter of their length. This model is not, however, generally accepted
(e.g. Grant, Horne and Cox 1965). The periodicity of 640/700 A
observed in native collagen fibre in electron microscopy is related to the
mode of aggregation. The absence of periodicity in native fibres of
Lumbricus and Ascaris collagens and of vitrosin is aseribed to the fact that
the basic molecule is not tropoceollagen, but a polymer of this (Maser and
Rice 1963a, Beer, Josse and Harrington 1964 and Olsen 1965).

The solubility of collagen reflects the stability of the quaternary
structure. Interspecies comparisons have shown (Table X) that up to ninety
per cent of the native collagens in cyclostomes and fishes is soluble while
the corresponding proportion for native collagens of full-grown higher
vertebrates is only a few per cent. The increase in stability during evolution
is reflected also in the ease of gelatinization of the insoluble collagen (Table
X1). :

An increase in the intermolecular attractive forces, perhaps an increase
in the number of cross-links, could be the reason for the decreased solu-



bility. The histological differences, laminated fibre structure versus three-
dimensional, cannot alone explain the differences in solubility. Parallel
fibres are found in mammalian achilles tendon without the solubility being
high. There may also exist differences between mammalian and the more
primitive fish collagens in their ability to form stable aggregates.

As shown in Table X, a decrease in the solubility of collagen occurs in
mammals with age. It might thus be possible to study the process of aging
by comparing animals that differ in evolutionary age if this age-dependent
change in collagen solubility could be taken as a recapitulation.

The existence of the biphasic denaturation curve, which was a constant
finding in the determinations of shrinkage temperatures of rayfish, hagfish
and lamprey skins, could be explained by assuming the presence of two
types of chemical bond that differ in stability. In these animals the second
shrinkage was abrupt in contrast to a very slow shrinkage of flounder and
dogfish skins. The two-stage shrinkage is in agreement with the two-stage
denaturation eurve of collagen solutions (Engel 1961). Rigby (1961, 1967)
was able to show that thermal shrinkage proceeded in two stages also in
urea, dilute hydrochloric acid and dilute sodium hydroxide solutions and
that the first temperature Ty coincided with Tbp.

CONCLUDING REMARKS

As a concluding remark, the author would like to put forward the
following hypothesis of the evolution of collagen. The basic molecule, tropo-
collagen, is in the primitive form composed of three identical peptide chains
in triple helical conformation. This structure has developed into another
that differs from the primitive structure by having all chains dissim-
ilar, probably as a result of repeated duplications of the “collagen gene”
followed by independent changes in the DNA corresponding to each chain.
Mutations involving single amino acid replacements have been permitted as
long as they have not given rise to changes in the tertiary structure of
collagen.

An essential feature in the evolution of collagen seems to have been the
partial replacement of serine and threonine by proline (because of the
close similarity of their eodons) which is converted to hydroxyproline. The
structure of collagen evidently presupposes a certain fairly constant con-
tent of hydroxyl groups. Thus, the contents of imino acids, hydroxyproline,
serine and threonine all correlate with the stability of collagen, the last
two contents, however, negatively.



The lower solubility of collagens of higher animals at both low and high
temperatures is due to more close-packed arrangements of tropocollagen
molecules and represents development occurring at the level of the qua-
ternary structure of collagen. This same phenomenon is observed also in
the development of an individual.



SUMMARY

The aim of the present investigation was to obtain more information on
the phylogeny of collagen and to define the essential features of collagen
structure. Various fractions of collagen were isolated from the skins of the
following 12 taxonomically widely differing species representing all
vertebrate classes: cow and guinea pig (mammals), chick (birds), snake
(reptiles), frog (amphibians), flounder, burbot and pike (bony fishes),
smooth dogfish and rayfish (cartilaginous fishes), and hagfish and lamprey
(cyclostomes). The skin collagens were studied by a variety of methods
and information was obtained about the various levels of structural
organization.

1. Features common to all collagens were the constant total contents of
nonpolar amino acids (two thirds; one half of which is glycine) and acidic
amino acids as well as the constant number of hydroxyl groups (Table VI).
An evolutionary trend was detected in the contents of methionine,
serine and threonine which decreased and in the contents of hydroxy-
proline and proline which inereased. Dogfish and rayfish collagens had
higher contents of isoleucine and arginine than the other collagens. The
relative number of glutamic acid, valine and leucine residues in these
cartilaginous fishes was clearly higher than in flounder and cyelostomes
and about as high as in mammals. Of the collagens investigated, cyclostome
“collagens had the lowest content of leucine. Tramprey collagen resembled
the collagens of higher vertebrates in its content of hydroxy amino acids.
In general, the amino acid compositions of the collagens of the different
species were related to the evolutionary ages of the species (Table XII).

2. The optical rotations of collagens were determined at different wave-
lengths. By fitting the equations of Drude and Moffitt-Yang to the data,
the helix content was found to be nearly the same in all the collagens
studied (Table VIII).

The stability of collagen was studied by determining thermal shrinkage
temperatures (Ts) and denaturation temperatures in solution (Tp) (Table
IX). Homoiothermal vertebrates had higher denaturation temperatures
than poikilothermal. In the determination of Ts, the skins of rayfish,



hagfish and lamprey were found to give a biphasic denaturation curve
(Fig. 5), that is, after initial contraction, the skin stretched and then
underwent a second shrinkage. When the Tp values were substracted from
the corresponding Ts values, the mean differences were 27° (range
19°—34°) and 48° (range 45°—53°) for the lower and higher Ts values,
respectively. , '

The correlation between chemieal structure and stability of collagens is
discussed by paying special attention to the significance of hydroxyl groups
and imino acids.

3. The component compositions of citrate-soluble collagens were studied
by starch gel electrophoresis and CM-cellulose chromatography. The gel
electrophoretic patterns of lamprey, hagfish, rayfish and dogfish collagens
differed clearly from those of the other collagens (Figs. 9—29). On the
basis of the behaviour of various ecomponents in gel electrophoresis when
the ionic strength or pH was changed under otherwise identical conditions,
the collagens were separated into three different groups, a so-called
lamprey-type, (lamprey, flounder), a rayfish-type (rayfish, dogfish
hagfish) and a guinea pig-type (guinea pig, cow, chick, frog, burbot, pike).
The collagens were allocated to the same three groups also on the basis of
their behaviour on chromatographic fractionation on CM-cellulose followed
by starch gel electrophoresis of the obtained fractions (Figs. 30—38).

4. Finely homogenized skins were extracted with 0.45 M sodium chloride
solution followed by extraction with 0.15 M citrate buffer of pH 3.7 at 4°.
From 30 to 90 percent of the skin collagens of lamprey, hagfish, rayfish,
dogfish, pike and burbot was soluble in the citrate buffer solution (Table
X). The high solubility of these collagens was also reflected in the facile
gelatinization of their insoluble collagens at low temperatures (Table XT).

5. The following hypothesis of the evolution of collagen is put forward.
The triple helical collagen molecule composed of three different a-chains
has developed from a primitive form which was composed of three iden-
tical a-chains (Fig. 39). The structural evolution has led to increased
funectional stability of the collagen at the levels of both secondary (thermal
stability) and quaternary structures (insolubility in solvents).
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